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AdsorptionAbstract The inhibition performance of atenolol on mild steel in 1 M hydrochloric acid solution
was studied by weight loss and electrochemical methods. The results show the inhibition efficiency
was found to increase with increasing the concentration of the inhibitor from 50 to 300 ppm. The
maximum inhibition efficiency 93.8% was observed in the presence of 300 ppm inhibitor (in case of
potentiodynamic polarization). The inhibition action of atenolol was explained in terms of adsorp-
tion on the mild steel surface. The adsorption process follows Langmuir isotherm via physical
adsorption. Electrochemical Impedance spectroscopic technique (EIS) exhibits one capacitive loop
indicating that, the corrosion reaction is controlled by charge transfer process. Polarization mea-
surements showed that the inhibitor is of a mixed type. The results obtained from the different
methods are in good agreement. The surface morphologies of mild steel were examined by
Fourier-transform infrared (FT-IR) spectroscopy, scanning electron microscope (SEM). Further,
the computational calculations are performed to find a relation between their electronic and
structural properties.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The environmental consequence of corrosion is enormous and
its inhibition has been deeply investigated. Hydrochloric acid
is widely used in various technological processes in industry,
e.g., in pickling baths, in the extraction and processing of oil
and gas and in other chemical and petrochemical industries.Also, in the technical cracking of petroleum, acids appear as
a result of hydrolysis of salts and may have a destructive effect
on the equipment. Corrosion in mild steel is important and
expensive problem in the industries and it represents a signifi-
cant portion of loss as a result of lost production, inefficient
operation, and high maintenance. It has been found that one
of the best methods of protecting metals against corrosion
involves the use of inhibitors which are substances that slow
down the rate of corrosion [1,2]. Therefore, the development
of corrosion inhibitors based on organic compounds contain-
ing nitrogen, oxygen atoms is of growing interest in the field
of corrosion and industrial applications [3]. The corrosion
inhibition is a surface process, which involves adsorption of
the organic compounds on the metal surface. The adsorption
184 G. Karthik, M. Sundaravadiveludepends mainly on the electronic structure of the molecule [4].
The inhibition efficiency of organic compounds depends on the
mode of interaction with the metal surface and molecular
structure. However, there is increasing concern about the tox-
icity of most corrosion inhibitors. The toxic effects not only
affect living organisms but also poison the environment [5].
Due to the toxicity of some corrosion inhibitors, there has been
increasing search for green corrosion inhibitors.
Recently, several studies have been carried out on the
inhibition of corrosion of metals by drugs [6–12]. Moreover,
the pharmaceutically active compound atenolol is big enough
(molecular mass 266.336 g/mol, C14H22N2O3) and likely to
effectively cover more surface area (due to adsorption) of the
Mild steel. Furthermore, atenolol is very cheap, easily avail-
able, environmentally friendly and most importantly is non-
toxic. In view of these favorable characteristic properties,
atenolol drug was chosen for the corrosion studies.
The main objective here is to investigate the corrosion pro-
cess of mild steel in 1 M hydrochloric acid solution in the
absence and presence of different concentrations of atenolol.
It was also the purpose of the present work to test the various
electrochemical studies and surface morphologies.
2. Experimental technique
2.1. Material preparation
Mild steel materials used for the study were mechanically cut
into specimen of sizes 4  1.5  0.2 cm. AR grade hydrochlo-
ric acid was used for the preparation of aggressive solutions.
Various (approximate) concentrations of acid with and with-
out inhibitor were prepared using double distilled water. The
IUPAC name of the drug atenolol is (RS)-2-{4-[2-Hydroxy-3
-(propan-2-ylamino)propoxy]phenyl}acetamide. The com-
pound atenolol (brand name Betacard-25) was purified by
recrystallisation with ethanol. The inhibitor used in this study
is non-toxic, with high molecular size, contains a large number
of donating atoms (N, O, atoms) and easily available as phar-
maceutical drug. Molecular structure of the used inhibitor is
presented in Fig. 1.
2.2. Electrochemical studies
The working electrode was polished with different grades of
emery papers, washed with water and degreased with acetone.
All electrochemical measurements were carried out using a
CHI 760D Electrochemical impedance analyzer model. Prior
to the electrochemical measurement, a stabilization period of
30 min was allowed, which was proved to be sufficient to attainFigure 1 Structure of atenolol (IUPAC name: (RS)-2-{4-[2-
Hydroxy-3-(propan-2-ylamino)propoxy]phenyl}acetamide).a stable value of open circuit potential (OCP) [13]. The electro-
chemical studies were made using a three-electrode cell assem-
bly at room temperature with a platinum counter electrode
and a saturated calomel electrode (SCE) as the reference elec-
trode. The working electrode was mild steel with the exposed
surface of 1 cm2 and the rest being covered with commercially
available resin. The EIS measurements were carried out from
Nyquist plot using AC signal of 0.01 V amplitude for the fre-
quency spectrum from 100 kHz to 0.01 Hz. The potentiody-
namic polarization curves were recorded in the potential
range of +300 mV from the open circuit potential at a sweep
rate of 0.01 mV/s.
2.3. Weight loss measurements
All the tests were conducted in 100 ml aerated 1 M HCl solu-
tion at room temperature with different concentrations of ate-
nolol for 3 h immersion period. These samples were polished
with emery paper of 1/0, 2/0, 3/0, 4/0, 5/0, and 6/0 grades,
washed thoroughly with doubled distilled water, degreased
with acetone and finally dried. At the end of the tests, the spec-
imens were carefully washed in distilled water, dried and then
weighed. Duplicate experiments were performed in each and
the mean value of the weight loss has been reported. From
the weight loss measurements, the corrosion rate (W) was cal-
culated using the following equation,
C:R: ¼W ¼ m1 m2
St
ð1Þ
where, m1 is the mass of the specimen before corrosion, m2 is
the mass of the specimen after corrosion, S is the total area
of the specimen, t is the corrosion time, andW is the corrosion
rate. The (IE%) was determined using the following equation
[14],




where, Wo is the corrosion rate in the absence of inhibitor and
Wi is the corrosion rate in the presence of inhibitor.
2.4. Surface studies
The scanning electron microscopy (SEM) VEGA3TESCAN
model was used to study the morphology of the corroded sur-
face in the presence and absence of atenolol drug for the
immersion of 3 h at room temperature. The SEM images were
taken from that portion of the specimen where better informa-
tion was expected.
3. Results and discussion
3.1. Electrochemical impedance spectroscopy
Table 1 shows the experimental results obtained from EIS
measurements for the corrosion of mild steel in the presence
of atenolol at room temperature. The impedance spectra for
mild steel in 1 M HCl solution without and with optimum con-
centration of atenolol are presented as Nyquist plots in Fig. 2.
Clearly, the impedance spectra exhibit a large capacitive loop
at high frequencies followed by a small inductive loop at low
frequency values. The capacitive loop indicates that the
Table 1 Electrochemical impedance parameters for mild steel











Blank 6.930 13.457 1707.4 –
50 32.448 64.355 76.255 79.9
100 44.960 89.966 39.367 85.0
150 56.974 115.259 24.249 88.3
200 66.343 133.341 18.000 89.9
250 74.043 148.443 14.486 90.9
300 90.361 179.586 9.8127 92.5
Inhibition of mild steel corrosion in hydrochloric acid solution 185corrosion of steel is mainly controlled by a charge transfer pro-
cess, and usually related to the charge transfer of the corrosion
process and double layer behavior. On the other hand, the
inductive loop may be attributed to the relaxation process
obtained by adsorption of inhibitor on the electrode surface
[15,16]. The diameter of the capacitive loop in the presence
of inhibitor is bigger than in the absence of inhibitor (blank
solution) and increases with the inhibitor concentration. This
indicates that the impedance of inhibited substrate increases
with the inhibitor concentration. Noticeably, the Nyquist plot
does not present perfect semi-circles (non ideal); they indicate a
depressed capacitive loop. These deviations known as fre-
quency dispersion were attributed to surface roughness and
inhomogeneities of the solid surface [17]. In the equivalent cir-
cuit model (Fig. 2), Rs represent the solution resistance
between the working and reference electrodes, Rct is the charge
transfer resistance and it corresponds to the resistance between
the metal and outer Helmholtz plane. Here, constant phase ele-
ment (Q) is substituted for double layer capacitance to give a
more accurate fit [18]. It is seen that the addition of an inhibi-
tor increases the values of charge transfer resistance (Rct) and
reduces the double layer capacitance (Cdl). The interfacial dou-
ble layer capacitance (Cdl) values have been estimated from the
impedance value using Nyquist plot by the formula:






















Figure 2 Nyquist plots of mild steel in 1 M HCl solution with
different concentrations of atenolol with equivalent circuit model.The values of Cdl decreased with an increase in the inhibitor
concentration. This is due to an increase in the surface cover-
age by the inhibitor, resulting in an increase in the inhibition
efficiency. The thickness of the protective layer, dinh was related




where, e0 is the dielectric constant and er is the relative dielec-
tric constant. This decrease in Cdl values from 1707.4 lFcm
2
to 9.8127 lFcm2 is due to the reduction in local dielectric
constant and/or an increment in the thickness of the electrical
double layer. The phenomenon proposed that the inhibitor
molecule function by the adsorption at the metal surface.
Thus, the change in Cdl is due to the gradual replacement of
the water molecule by the adsorption of the inhibitor molecule
on the metal surface, decreasing magnitude of metal dissolu-
tion [20]. The increase in Rct values from 13.457 X cm
2 to
179.586 X cm2 is due to the formation of protective film on
the metal/solution interface [21]. These observations suggest
that atenolol molecules function by adsorption at metal sur-
face thereby causing the decrease in Cdl values and increase
in Rct values. Rct values were used to calculate the IE%,







where Rict and R
o
ct are the charge transfer resistance values with
and without atenolol, respectively. Table 1 confirms that the
inhibition efficiency (IE%) increases with the concentrations
of atenolol and maximum efficiency (92.5%) reaches at
300 ppm of inhibitor. All the above results infer that with an
increase in atenolol concentration, the protective film is more
and more protective.
3.2. Potentiodynamic polarization measurement
The corrosion potential (Ecorr), corrosion current density
(Icorr), and anodic (ba) and cathodic (bc) slopes are obtained
by the anodic and cathodic regions of the Tafel plots. The cor-
rosion current density (Icorr) can be obtained by extrapolating
the Tafel lines to the corrosion potential and the inhibition effi-







where, Iocorr and I
i
corr are the corrosion current densities in the
absence and presence of inhibitor, respectively. Table 2 repre-
sents all corrosion parameters including inhibition efficiency of
the atenolol obtained from potentiodynamic polarization stud-
ies. The polarization curves for mild steel in 1 M HCl contain-
ing with and without inhibitor are given in Fig. 3. The parallel
cathodic Tafel lines suggested that the addition of inhibitors to
the 1 M HCl solution do not modify the hydrogen evolution
mechanism and the reduction of H+ ions at the mild steel sur-
face, which occurs mainly through a charge transfer mecha-
nism [22]. The change in the values of bc in the presence of
inhibitor clearly indicates the effect of the inhibitor compound
on the kinetics of hydrogen evolution. The shift in the anodic
Tafel slope (ba) values may be due to the adsorption of inhibi-
tor molecules onto the mild steel surface [23]. The studied
Table 2 Potentiodynamic polarization values for the corrosion of mild steel in 1 M HCl in the absence and presence of different
concentrations of atenolol.
Concentration (ppm) ba (1/V) bc (1/V) Ecorr (mV/SCE) Icorr (mA/cm
2) Rp (Ohm) IE (%)
Blank 4.722 6.558 536.3 1.736 22.2 _
50 8.539 7.965 487.0 0.5325 50 69.3
100 7.403 8.042 504.1 0.3961 71 77.2
150 7.686 8.410 514.0 0.2156 125 87.6
200 7.700 9.071 486.9 0.1666 156 90.4
250 7.655 7.530 508.2 0.1241 231 92.9
300 7.348 8.555 508.8 0.1071 255 93.8




























Figure 3 Tafel plots of mild steel (a) 1 M HCl solution (b) 1 M
HCl solutions with various concentrations of atenolol.
186 G. Karthik, M. Sundaravadiveluinhibitor compound acts as a corrosion inhibitor suppressing
both anodic and cathodic reactions by getting adsorbed on
the mild steel surface blocking the active sites, and these results
suggested that the addition of inhibitor reduces the anodic dis-
solution and also retards the cathodic hydrogen evolution
reaction, indicating that this inhibitor exhibits cathodic and
anodic inhibition effects [24]. Therefore, the atenolol can be
classified as a mixed inhibitor in 1 M HCl solution.
From Table 2, it is clear that the corrosion current density
(Icorr) values decrease from 1.736 mAcm
2 to 0.1071 mAcm2
with the addition of various concentration of atenolol. When
the Icorr decreases the IE% increases from 69.3% to 93.8%.
The cathodic and anodic Tafel slope values are almost same
with and without inhibitor. It conforms that atenolol adsorbs
on the metal surface by simply blocking the active sites and theTable 3 Weight loss values of various concentrations of atenolol in







300 2.83 6.738mechanism of anodic and cathodic reactions are unaffected
[25,26]. Table 2 indicates that the polarization curves in
Fig. 3 exhibit no steep slope in the anodic range, meaning that
no passive films are formed on the mild steel surface. Table 2
shows that there was no definite trend in the shift of Ecorr val-
ues, in the presence of various concentrations of atenolol in
1 M HCl solution. This result indicated that the inhibitor
can be classified as a mixed type of inhibitor in 1 M HCl solu-
tion. It is also found that Rp value increases with increasing
inhibitor concentration, which suggests the retardation of mild
steel corrosion in inhibited solution compared to uninhibited
environment.
3.3. Weight loss measurements
The values of corrosion rate and percentage inhibition effi-
ciency were calculated from weight loss method at different
concentrations of atenolol in 1 M HCl after three hours
immersion at room temperature. They are summarized in
Table 3. It was observed that atenolol inhibits the corrosion
of mild steel in 1 M HCl solutions at various concentrations
used in the study. It is evident from Table 3 that the inhibition
efficiency is increased from 61.4% to 92.8% with the addition
of 50–300 ppm of atenolol. The maximum inhibition efficiency
was shown at 300 ppm concentration of atenolol and further
increasing inhibitor concentration does not change IE%.
Indeed, the corrosion rate values of mild steel decrease from
93.333 mmy1 to 6.738 mmy1 on the addition of 50 ppm to
300 ppm of atenolol. The increased inhibition efficiency (IE
%) and decreased corrosion rate (CR) might be due to the
result of increased adsorption and increased coverage of ateno-
lol on the mild steel surface with increasing concentration of
atenolol [27]. The variation of inhibition efficiency with vari-
ous immersion times from 1 h to 5 h at 300 ppm atenolol is
shown in Fig. 4. The IE% increased from 80.1% to 92.8%
when immersion time increases from 1 h to 3 h and thereafter1 M HCl solution.































Figure 4 Variation of inhibition efficiency in 1 M HCl on mild
steel with different immersion time.
Table 4 Thermodynamic adsorption parameters for mild steel
in 1 M HCl in the presence of optimum concentrations of
atenolol at different temperatures.
Technique R2 Kads (10
4 M1) DGoads (kJ mol1)
Weight loss 0.9996 29.6870 18.6595
EIS 0.9998 84.3306 21.2896
Tafel 0.9987 36.8075 19.2011






















Figure 6 Langmuir adsorption isotherm plots for the adsorption
of atenolol in 1 M HCl on the mild steel surface.

























Figure 5 Variation of inhibition efficiency in 1 M HCl on mild
steel with different concentrations of atenolol.
Inhibition of mild steel corrosion in hydrochloric acid solution 187no deep change in IE% was noted (92.8–92.0%). This is due to
the increased corrosion rate of metal with immersion time. It is
clear that atenolol showed good inhibition for mild steel corro-
sion in 1 M HCl solution [28].
The inhibition efficiency calculated from the electrochemi-
cal impedance spectroscopy and potentiodynamic polarization
techniques is 92.5% and 93.8%, respectively. These values are
correlated with IE% obtained by weight loss method (92.8%).
Fig. 5 shows, all the above measurements confirm the inhibi-
tion efficiency increased with inhibitor concentration.
3.4. Adsorption isotherm
The adsorption isotherm study describes the interaction
between inhibitor molecules and mild steel surface. For this
purpose, the values of surface coverage (h) at differentconcentrations of inhibitor in 1 M HCl medium were
calculated. The most frequently used adsorption isotherms
are Temkin and Langmuir isotherms. Attempts to fit data
obtained from weight loss measurement into different adsorp-
tion isotherms reveal that the data best fitted Langmuir
adsorption isotherm. Assumptions of Langmuir relate the
concentration of the adsorbate in the bulk of the electrolyte






where, Kads is the equilibrium constant of adsorption. The lin-
ear regression parameters between Cinh/h and Cinh are listed in
Table 4. Fig. 6 shows the straight lines of Cinh/h versus Cinh at
room temperature. These results show that the linear regres-
sion coefficient (R2) and slope are equal to 1, which confirms
the adsorption of atenolol on mild steel surface obeys Lang-
muir adsorption isotherm. The slope of the Cinh/h versus Cinh
plots shows deviation from unity, which means non-ideal sim-
ulating [29] and unexpected from the Langmuir adsorption iso-
therm. It might be the results from the interactions between the
adsorbed species on the mild steel surface [30,31]. Adsorption
equilibrium constant (Kads) and free energy of adsorption
(DGoads) were calculated using the following relationship:
DGoads ¼ RT ln ð55:5 KadsÞ ð8Þ
where, 55.5 is the concentration of water in solution in
mol L1 and R is the universal gas constant. Generally, values
of DGoads around 20 kJ mol1 or lower are consistent with the
electrostatic interaction and when it is around 40 kJ mol1 or
Table 5 Quantum chemical parameters of atenolol drug.
EHOMO (eV) ELUMO (eV) DE= (EHOMO  ELUMO) l (D) Total Energy (E) I.E. (%)*
4.4589 3.6839 0.774986 11.2303 880.2841 93.8
* I.E. (%) values were calculated from potentiodynamic polarization measurement.
188 G. Karthik, M. Sundaravadiveluhigher values then this is chemical interaction [32]. Here, the
calculated DGoads value is 18.66 to 21.29 kJ/mol indicating
that the adsorption mechanism of atenolol on mild steel in
1 M HCl solution at the room temperature is a physisorption
(ionic). The negative value of DGoads ensuring the adsorption
of the inhibitor molecule on to the mild steel surface is a spon-
taneous process.
3.5. Theoretical calculation
Quantum chemical studies have been successfully implemented
to correlate the corrosion protection efficiency of inhibitor
molecules with their calculated molecular orbital (MO) energy
levels. Furthermore, the results of quantum chemical calcula-
tions could be obtained without laboratory measurements,
thus saving time and equipment [33]. Quantum chemical
parameters obtained from the calculations which are responsi-
ble for the inhibition efficiency of given inhibitor such as the
energies of frontier molecular orbitals (EHOMO) and (ELUMO),
the separation energy (ELUMO  EHOMO), DE, representing the
function of reactivity, the net charge on the functional group,
dipole moment, total energy are collected in Table 5. The
energy of the HOMO (EHOMO) represents the ability of the
molecule to donate a lone pair of electrons and the higher
the EHOMO value, the greater the tendency of the moleculeFigure 7 (a) Optimized structure with Mulliken charge dto donate electrons to an electrophilic reagent [34] and the
lower the ELUMO, the greater the tendency of the molecule
to accept electrons from metal atoms. Results from Table 5
show that atenolol has low ELUMO and high EHOMO values
and the energy difference between EHOMO and ELUMO (i.e.,
DE) informs of the reactivity of the given compound; the smal-
ler the DE value, the greater the reactivity of the molecule. The
results show that atenolol has the smallest DE value
(0.7750 eV) compared to some previously published molecules
and is, therefore, the most reactive molecule [35–38]. The
dipole moment gives information on the polarity. The higher
the dipole moment, the higher is the polarity of the molecule
[39]. The HOMO and LUMO diagrams (Fig. 7b and c) of
the atenolol, reflect that the orbital electron densities were dis-
tributed homogeneously throughout the molecules. Therefore
the more negative Mulliken atomic charges of the adsorbed
inhibitor, the more easily the atom donates its electrons to
the unoccupied orbital of the metal and adsorbs preferentially
on the metal surface with the formation of a closely packed
adsorption layer to inhibit metal ions from entering the solu-
tion. It is clear from Fig. 7a that two nitrogen atoms (N-31
and N-39) and three oxygen atoms in the keto group (O-38),
hydroxyl group (O-29) and C–O–C group (O-13) carrying
more negative charges could offer electrons to the metal sur-
face to form a coordinate type bond.istribution (b) HOMO Structure (c) LUMO structure.
Figure 8 SEM images of mild steel (a) Polished surface (b) 1 M HCl solution (c) 1 M HCl solution with optimum concentration of
atenolol (300 ppm).
Inhibition of mild steel corrosion in hydrochloric acid solution 1893.6. Scanning electron microscopy
In order to evaluate the conditions of the metal surface in con-
tact with acid solution in the absence and presence of inhibitor,
a surface analysis was carried out, using scanning electron
microscope, immediately after the corrosion tests. The mild
steel samples in 1 M HCl solution with and without optimal
concentration of the atenolol were subjected to analysis.
SEM images are shown in Fig. 8a–c. It shows, surface corro-
sion of mild steel decreased remarkably in the presence of
the inhibitor (Fig. 8b). Inspections of the figures reveal that
there is severe damage, clear pits and cavities on the surface
of mild steel in the absence of inhibitor (Fig. 8c) than in its
presence and polished metal (Fig. 8a). There are fewer pits
and cracks observed in the inhibited surface. It conforms that
the metal surface is fully covered with the inhibitor molecules
and a protective inhibitor film was formed.
3.7. Fourier Transform Infrared Spectroscopy
In Fig. 9a, a key observation which is raised in the IR spec-
trum of atenolol is the level of hydrogen bonding. By virtueof the electronegative nitrogen atom and the even more elec-
tronegative oxygen atom, the IR spectra indicate that inter-
molecular H-bonding may be present. Table 6 shows the IR
frequency bands of the –OH and H–N groups having stretched
at 3368 cm1 and 3198–3071 cm1 respectively. The FTIR
spectrum of adsorbed protective layer formed on mild steel
surface after immersion in 1 MHCl containing 300 ppm ateno-
lol is shown in Fig. 9b. The –OH band shifted upwards and
C‚O, C‚O–NH2 group shifted downwards, it clearly indi-
cates that the –OH, C‚O and NH2 groups are responsible
for protective film formation. The results suggest the inhibition
mechanism of atenolol on the mild steel surface. The adsorp-
tion is influenced by the nature and charge of the metal, chem-
ical structure of inhibitor and type of the aggressive electrolyte.
Accordingly, chloride ions are first adsorbed on the metal sur-
face in HCl medium and consequently the metal surface
becomes negatively charged. The molecule is made of aromatic
ring, which contains p electrons and with unshared electron
pairs of N and O-atoms. So it is easily protonated in
hydrochloric acid solution and the protonated atenolol mole-
cule is physically adsorbed on the metal surface [40]. This
way physisorption occurs by a retro-donation mechanism
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Figure 9 FT-IR spectrum of (a) atenolol (b) the protective film formed on the mild steel surface with optimum concentration (300 ppm)
of atenolol.
Table 6 IR values of atenolol and protective film formed on
the mild steel surface.
Group
responsible
IR frequency band of
pure compound (cm1)














190 G. Karthik, M. Sundaravadiveluand layer is deposited on the metallic surface to be protected it
from corrosion in acidic medium [41–42].4. Conclusion
On the basis of the above results the following conclusion can
be drawn.
➢ The results obtained lead to the conclusion that atenolol
effectively inhibits the corrosion of mild steel in 1 M HCl
solutions.
➢ The corrosion process was inhibited by adsorption of the
inhibitor molecule on the mild steel surface.
➢ The inhibition efficiency of these compounds increases with
the increase of the atenolol concentrations.
Inhibition of mild steel corrosion in hydrochloric acid solution 191➢ Polarization curves demonstrated that the atenolol is a
mixed-type inhibitor for mild steel surface corrosion in
these solutions. EIS measurements also indicate that the
inhibitor increases the charge transfer resistance and show
that the inhibitive performance depends on an adsorption
of the molecules on the metal surface.
➢ Adsorption of atenolol on mild steel surface from 1 M HCl
obeys Langmuir adsorption isotherm.
➢ The SEM images confirm the formation of the protective
layer on the metal surface.
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